Amiodarone (AD) is an iodinated benzofuran derivative, especially known for its antiarrhythmic properties. It exerts serious side-effects even in patients receiving low doses. AD is well-known to induce apoptosis of type II alveolar epithelial cells (AECII), a mechanism that has been suggested to play an important role in ADinduced lung fibrosis. The precise molecular mechanisms underlying this disease are, however, still unclear. Because of its amphiphilic nature, AD becomes enriched in the lysosomal compartments, affecting the general functions of these organelles. Hence, in this study, we aimed to assess the role of autophagy, a lysosomedependent homeostasis mechanism, in driving AECII apoptosis in response to AD. In vitro, AD-treated MLE12 and primary AECII cells showed increased proSP-C and LC3B positive vacuolar structures and underwent LC3B-dependent apoptosis. In addition, AD-induced autophagosome-lysosome fusion and increased autophagy flux were observed. In vivo, in C57BL/6 mice, LC3B was localised at the limiting membrane of lamellar bodies, which were closely connected to the autophagosomal structures in AECIIs. Our data suggest that AD causes activation of macroautophagy in AECIIs and extensive autophagy-dependent apoptosis of alveolar epithelial cells. Targeting the autophagy pathway may therefore represent an attractive treatment modality in ADinduced lung fibrosis.
Introduction
Amiodarone (AD) is pharmacologically classified as a cationic amphiphilic drug. It is an efficient antiarrhythmic drug with typical class III Vaughan-Williams properties. In spite of its beneficial effects against almost all kinds of arrhythmias, its clinical use is tempered because of its contraindications [1, 2] , which include corneal micro deposits, dermatitis, symptomatic bradycardia, hypo-and hyper-thyroidism and, most importantly, severe pulmonary toxicity [1] . It is estimated that 10-17% of patients receiving 400 mg AD per day develop pulmonary toxicity, with fatalities occurring in about 10% of cases [3] . Previous studies suggested that elderly patients with a pre-existing lung disease are at a high risk of developing AD-induced pulmonary toxicity. It was initially believed that a low dose of AD was relatively safe, but more recent case reports have revealed a high risk of pulmonary complications, especially confluent lung fibrosis, even with low dosage treatment of patients (200 mg per day). Acute respiratory distress syndrome and pneumonitis are also well-documented side effects of AD [1, 4] . Hence, according to the recent guideline for the management of patients with atrial fibrillation, AD is prescribed to treat atrial fibrillation in the absence of pre-excitation only when other agents are unsuccessful [5] .
At a cellular level, foamy macrophages and hyperplasia of type II alveolar epithelial cells (AECIIs) are the most common features of AD-induced pulmonary fibrosis. In addition, it has been demonstrated that AD induces apoptosis of alveolar epithelial cells in vitro and that AD induces toxicity in several types of lung cells [6, 7] . In full accordance, we have recently shown that intratracheal administration of AD induces lung fibrosis in mice and that AD induces surfactant accumulation, AECII apoptosis, lysosomal stress and ER stress in this model [8] . Although the precise molecular events underlying AD-induced lung fibrosis still remain to be clearly settled, mechanisms such as excessive intracellular phospholipidosis, direct cytotoxicity, oxidative stress and the angiotensin signalling pathway [9] [10] [11] [12] , were previously suggested to contribute to the pathogenic chain of events.
It has been shown that AD becomes enriched in lysosomes (500-fold as compared to serum) and causes accumulation of multilamellar bodies in the cytoplasm of various cell types [13, 14] . Similarly, AD as well as its derivative dronedarone was shown to induce autophagy, a lysosome-mediated degradation pathway that is extremely important in maintaining cellular homeostasis [15, 16] . More recently, it was claimed that activating the autophagy pathway rescues AD-induced lung fibrosis in rats [17] .
Autophagy is a fundamental catabolic cellular process that degrades unnecessary proteins and damaged organelles, thereby helping in cell survival. At a molecular level, different types of autophagy pathways have been described. Macroautophagy is well characterised and is one of the important types of autophagy that involves sequestration of the cargo into a double-membrane vesicle known as an autophagosome. This process involves complex interactions between several autophagy-related (Atg) proteins. The autophagosome ultimately fuses with the lysosome to degrade its components. More detailed analyses of this process are given in previous reviews [18, 19] . Several diseases such as cancer, neurodegenerative diseases, lysosomal storage disorders, cystic fibrosis, chronic obstructive pulmonary disease (COPD) and idiopathic pulmonary fibrosis (IPF) have been linked to altered autophagy [20] .
We recently established a mouse model of ADinduced lung fibrosis and reported surfactant alterations, severe AECII apoptosis and cellular stress in this model. We reported that AD-induced AECII apoptosis is not mediated via Cathepsin D, and speculated on the involvement of other lysosomal pathways in driving AECII apoptosis in this model [8] . In the current study, we aimed to carefully analyse the role of macroautophagy (referred as autophagy hereafter) in AD-induced alveolar epithelial cell apoptosis and to identify if the autophagy marker protein microtubule-associated protein 1 light chain-3B (LC3B) is localised to the lamellar bodies of alveolar epithelial cells.
Methods

Cell culture
Mouse lung epithelial cell lines (MLE12) and isolation of primary mouse AECII and culture were performed as described before [21] . Preparations of AD solution and the protocol for siRNA transfection are described elsewhere [8] . For immunofluorescence analysis, MLE12 cells were plated in 8-well chamber slides. After overnight adherence and following treatments, cells were washed and fixed with 4% paraformaldehyde, followed by washing and permeabilisation with 0.5% Triton X-100. Permeabilised cells were then washed, blocked with 10% donkey serum and 3%BSA in PBS. Incubation with primary antibody (LC3B or LAMP2; abcam, Cambridge, UK) was performed overnight at 4 8C. Following washing, secondary antibody (Alexa Fluor 555, donkey anti rabbit or Alexa Fluor 488, donkey anti rat; Life Technologies, Darmstadt, Germany) was added for 1 h at RT in dark. Samples were then washed and mounted with mounting medium with DAPI for nuclear staining (VECTA-SHIELD mounting medium with DAPI, Vector Labs/ Enzo Life Sciences GmbH, L€ orrach, Germany) followed by microscopy (Leica Mirosystems, Germany). Protocols for RNA extraction, RT-PCR and primers used are given in Supporting Information.
Autophagy flux
10 mg/ ml stock solution of chloroquine (CQ; Chloroquine diphosphate salt, Sigma-Aldrich) was prepared by dissolving it in cell culture grade aqua dest. MLE12 cells were plated in 6-well cell culture dishes. Next day, medium was replaced with fresh culture medium and CQ or vehicle (cell culture grade aqua dest) was added. 2 or 6 ml from CQ stock solution per 2ml culture medium was added to get a final concentration of 10 or 30 mg/ml, respectively. 4 h later, AD or vehicle was added and cells were harvested after 8 h, followed by Western blotting for LC3B. Similarly, MLE12 cells were pre-incubated with DMSO or 10 mg/ml pepstatin and E64D (Enzo life sciences) dissolved in DMSO for Autophagy in amiodarone-induced lung fibrosis 253 1 h followed by incubation with AD for 8 h, after which cells were harvested and the lysates were processed for Western blotting of LC3B.
Mice
Intratracheal administration of vehicle or AD (0.8 mg/ kg body weight, Sigma-Aldrich, Germany) was performed in C57BL/6 mice every fifth day as described elsewhere [8] . Ten mice were included per group. Both the University Animal Care Committee and the Federal Authorities for Animal Research of the Regierungspraesidium Giessen (Hessen, Germany) approved the study protocol.
Electron microscopy
Mice were sacrificed 7 and 14 days after first AD or vehicle challenge for perfusion fixation. In order to represent the whole organ, systematic uniform sampling was performed. Detailed protocols are described in Supporting Information.
Biochemical and statistical analysis
Details of Western blot, immunohistochemistry and sources of antibodies are given in Supporting Information. All data are expressed as means 6 SEM of at least five mice for in vivo studies. For in vitro experiments, three or more independent experiments were conducted for AD treatment and triplicate transfections were performed for siRNA studies. Statistical significance was assessed using the Mann-Whitney U test. Significance is indicated as: *p < 0.5, **p < 0.01, ***p < 0.001.
Results
AD induces macroautophagy and increases autophagy flux in murine alveolar epithelial cells
Mouse lung epithelial (MLE) 12 cells were treated with vehicle or with 10 mg/ml AD (according to [7, 8] ) for 8, 16 and 24 h. We observed a heavily vacuolated cytoplasm in MLE 12 cells treated with AD ( Figure  1A ). Immunofluorescence analysis for the macroautophagy marker, LC3B as shown in Figure 1B , revealed giant autophagosomes in AD-treated cells decorated with LC3B; vehicle-treated cells on the other hand showed occasional punctate staining, but more often a diffuse staining for LC3B. Western blot analysis showed an impressive increase in the conversion of LC3BI to LC3BII, p62 and LAMP2 in ADtreated cells as compared to vehicle treated or untreated cells ( Figure 1C , Supporting Information Figure S1a ). It has been indicated that p62 cannot be used as a maker for autophagy in all contexts, especially if it is transcriptionally upregulated [22] . Hence we aimed to analyse if transcriptional up-regulation of p62 might explain the marked increase at the protein level under AD treatment and, not surprisingly, semiquantitative and q-PCR analysis showed significant time-dependent up-regulation of p62 mRNA after treating cells with AD, as compared to vehicle-treated or untreated cells (Supporting Information Figure  S1b ). Primary AECII treated with AD or vehicle for 24 h also showed significantly increased LC3B and proSP-C after AD treatment as compared to vehicletreated cells ( Figure 1D ). As an attempt to understand if the fusion event between autophagosomes and lysosomes occurs in response to AD treatment, we performed immunofluorescence for LC3B and LAMP2. Indeed, AD-treated MLE12 cells showed giant autophagosomes, decorated with LC3B and LAMP2, which co-localised with each other (Figure 2A ), demonstrating fusion between autophagosomes and lysosomes. Further, in order to evaluate the autophagy flux after AD treatment (according to current guidelines [23] ), MLE12 cells were pre-treated with the vacuolar ATPase inhibitor bafilomycin A1, followed by AD versus vehicle treatment. Surprisingly, AD-induced vacuolar morphology completely disappeared upon pre-treatment of MLE12 cells with bafilomycin A1 (Supporting Information Figure S2a ). This observation is in full accordance with a previous study, which reported that bafilomycin A1 significantly suppresses the uptake of AD in different cell types [15] . Hence, we excluded bafilomycin A1 and used another protease inhibitor, chloroquine, and a combination of pepstatin and E64D, which have also been suggested for assessing autophagic flux [23] . MLE12 cells were preincubated with saturating concentrations of chloroquine (30 mg/ml) [23] , for 4 h followed by AD or vehicle treatment. We observed a significant increase in LC3BII and a marked decrease in p62 after AD treatment in the presence of chloroquine ( Figure 2B ,C), thus clearly indicating a slight but significant increase in autophagy flux after AD treatment. Increase in autophagic flux was also observed when cells were preincubated with pepstatin and E64D, followed by AD treatment (Supporting Information Figure S2b ).
AD-induced AECII apoptosis is mediated by LC3B in vitro
In order to clarify the mechanistic role of macroautophagy in AD-induced AECII injury and apoptosis, we transfected MLE12 cells for 48 h with a LC3B-254 P Mahavadi et al 
P Mahavadi et al
specific and a scrambled siRNA and then treated with AD or vehicle for 8 h. Quite strikingly, cleaved caspase 3 levels, being massively increased in scrambled siRNA-transfected and AD-treated cells, returned to almost normal levels in response to LC3B knockdown ( Figure 3A,B) . Additionally, specific knockdown of LC3B also reversed the AD-induced proSP-C elevation almost to control levels ( Figure 3A ,C). Based on these observations, LC3B, either directly or indirectly, seems to regulate intracellular proSP-C content in response to AD treatment.
AD induces macroautophagy and the fusion between autophagosome and lamellar bodies in AECII
In order to identify if AD induces macroautophagy in vivo, we performed intratracheal administration of AD every fifth day in mice and sacrificed the animals at days 7, 14, 21 and 28. Development of lung fibrosis was observed in AD-treated mice from day 7 onwards [8] . Analysis of lung homogenates for macroautophagy markers revealed a significant (10-fold) increase in LC3BII as well as p62 levels (3-fold) as compared to vehicle-treated mice at all the time points analysed ( Figure 4A ,B, Supporting Information Figure S3a,b) . The levels of Beclin1, another well-known autophagy protein, remained unaltered ( Figure 4A ). Moreover, the overall level of LAMP2, a lysosomal marker, increased in AD treated lungs ( Figure 4A,C) , indicating a marked increase in the overall lysosomal content after AD treatment. Immunohistochemistry on serial lung sections revealed numerous LC3B positive AECII in AD-treated mice as compared to vehicle-treated controls ( Figure 4D , Supporting Information Figure  S3c ). In order to further confirm this finding, we performed immunogold labelling for LC3B on lung tissues of AD and vehicle-treated mice. This revealed preferential labelling of LC3B on the limiting membrane and the interior of lamellar bodies (LB) of AECII in AD as well as in vehicle-treated mice ( Figure  5A ). After AD treatment, however, gold labelling appeared to be more intense compared to vehicletreated mice, confirming the results from our immunohistochemistry staining ( Figure 5A ). In addition, using EM tomography, we observed a connection between lamellar bodies and autophagosomes via membranes within the AECII of mice treated with AD ( Figure 5B,C; Supporting Information video1).
Discussion
Our data indicate that AD induces enhanced fusion of autophagosomes to lysosomes as well as to lamellar bodies (which also belong to the lysosomal 
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compartment), increased autophagy flux and markedly increased and LC3B-dependent apoptosis of alveolar epithelial cells. We were also able to show localisation of LC3B to the lamellar bodies in AECIIs and report that the AD-driven dysregulation of proSP-C is dependent on LC3B. AD is noted for its unusually long half-life. It accumulates within the lysosomal compartments of various types of lung cells [2, 14] , including AECIIs. Similarly, we also observed an increase in the size and number of lamellar bodies within AECIIs and altered intracellular surfactant homeostasis in ADtreated mice. It was previously reported that the activity of Cathepsin D, a lysosomal enzyme, is increased after AD treatment [24] and we recently showed that Cathepsin D protein levels increase in AD-treated mice lungs as well as in MLE cells [8] . All these observations reflect altered lysosomal homeostasis following AD treatment. However, we did not observe Cathepsin D-dependent apoptosis of MLE cells in response to AD treatment, indicating the involvement of other lysosome-related pathways 
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in driving apoptosis [8] . Supporting this, we observed extensive vacuolisation and an increase in the autophagy markers when MLE12 cells were directly exposed to AD. This observation is in complete agreement with some previous studies, which reported AD-induced LC3B positive vacuolar structures in different human cells in culture [25, 26] . It may be logical to speculate that increased autophagy could be a mechanism to degrade the deposited drug from the lysosomal compartments. Supporting this concept, in response to AD, we observed a marked increase in LAMP2 protein levels (in mice and cells) and LC3B co-localisation with LAMP2, a protein that has been shown to be pivotal for autophagosome maturation as well as for autophagosome-lysosome fusion [27, 28] . At first glance, it appears that AD treatment might lead to defective autophagy due to an increase in the autophagy substrate protein p62 following AD treatment. However, we observed upregulation of p62 transcript following AD treatment that might compensate for its protein level, questioning its use as a marker for autophagy flux. Further analysis of autophagy flux using inhibitors such as chloroquine and a combination of pepstatin and E64D (but not bafilomycin A1) revealed that AD actually increases autophagy flux in MLE12 cells. While this manuscript was in preparation, Lee et al [17] reported similar observations in other cell types, surprisingly using bafilomycin A1 as the inhibitor for flux studies, in spite of previous reports which impressively showed that bafilomycin A1 suppresses the uptake of AD [15] . AD is metabolised to its chief metabolite, desethylamiodarone (DES), by the P450 enzyme system [29] . DES shares some toxicological and pharmacological characters of AD and some studies have documented that DES is much more cytotoxic than AD, causing cell death even at low doses in many cell types [30] . Disruption of mitochondrial function, including production of reactive oxygen species (ROS), decrease in mitochondrial membrane potential and cytochrome c release, are well-documented effects of both AD and DES [31] [32] [33] [34] . Since we and others have shown that AD induces autophagy in many cell types, it may not be surprising to note that DES also exerts similar effects. Accumulation of DES in tissues due to prolonged AD treatment may also contribute in part to the dysregulated autophagy pathway and thereby apoptosis of AECIIs in mice in response to AD treatment. Basal autophagy is an extremely important housekeeping process that prevents accumulation of unwanted proteins within the cytoplasm [18] [19] [20] . Under certain conditions such as cancer, it is believed to be potentially maladaptive [35] or under certain settings of uncontrolled increase in autophagy as in COPD, it might lead to cell death [19, 36] . Hence, it appears important that the autophagy process is well-balanced. The interplay between autophagy and apoptosis is a matter under continuous discussion and the intricate molecular mechanisms between these two pathways are extremely complex [19, 35] . Nevertheless, there exists some evidence that molecules of the autophagy pathway do play a role in executing apoptosis in certain settings. For example, knockdown of LC3 rescued p53-deficient HCT116 cells from apoptosis [37] and LC3B-/-mice were shown to be resistant to apoptosis after cigarette smoke exposure [38] . In line with these findings, we now show that AD-induced cleaved caspase 3 levels are decreased after LC3B knockdown in MLE12 cells, indicating a role for LC3B in mediating their apoptosis and, probably, also lung fibrosis.
Under physiological conditions, the autophagy pathway orchestrates with other vital cellular pathways. It is hence not surprising that autophagy influences other pivotal cellular mechanisms or vice versa under certain pathological conditions [39] . For example, in a previously described rat model of ADinduced pulmonary toxicity, blockade of angiotensin formation inhibited the development of lung fibrosis. 
In fact, the angiotensin (AT) 1 receptor antagonist losartan that was used to inhibit AECII apoptosis and thereby lung fibrosis [40] is actually also an inhibitor of autophagy [41, 42] . Another intriguing observation that stems from the current work is the presence of LC3B at the vicinity of the limiting membrane of lamellar bodies within the AECIIs of mouse lungs. Sometimes, especially in response to AD, membranes of these lamellar bodies were observed to be in close connection with phagophores/ autophagosomal structures. It has been shown that an autophagic process is involved in the biogenesis of multilamellar bodies [43] . However, proteomic analysis of lung lamellar bodies from rats did not reveal the presence of LC3B either on the limiting membrane or in the lumen of lamellar bodies [44] . We nevertheless could convincingly show gold-labelled LC3B particles both in the lumen as well as on the limiting membrane of lamellar bodies. Based on these observations, it may be reasonable to speculate on the role of LC3B in surfactant homeostasis in normal and, even more, in AD-injured AECIIs. In complete agreement with this, we could now show that knockdown of LC3B impressively decreased the levels of AD-induced accumulation of SP-C in MLE12 cells.
In conclusion, our current study demonstrates a critical role for macroautophagy, especially the marker LC3B, in regulating AECII cell death in response to AD. Although not addressed experimentally here, it appears reasonable to speculate that the magnitude of autophagy flux is also linked to the extent of lung fibrosis. This study enhances our understanding of the molecular mechanisms underlying AD-induced lung fibrosis. Based on our data, it appears reasonable to target autophagy pathways for improving epithelial survival and minimise ADinduced lung fibrosis. However, a careful and critical analysis is warranted when targeting the autophagy pathway as too little or too much autophagy is deleterious for the cells.
